Hinoki Cypress (Chamaecyparis obtusa)-lignophenol (p-cresol type, HCLC), which is directly and quantitatively synthesized from wood through the phase-separation system, hydroxymethylated HCLC (HCLC-HM) and polymerized HCLC-HM by heat-set (HCLC-HM-P) were used as materials for photo-sensitizers for nano-porous TiO 2 electrodes. In order to investigate influences of structural features of lignophenol derivatives, HCLC, HCLC-HM and HCLC-HM-P were reacted under alkaline conditions at 140 o C (neighbouring group participation) and 170 o C (arylmigration). After these derivatives were investigated by ionization difference spectra using UV-Vis, FT-IR, 1 H-NMR and GPC, all derivatives were used as photo-sensitizers. There were different tendencies of HCLC from both HCLC-HM and HCLC-HM-P derivatives. As both HCLC-HM and HCLC-HM-P derivatives kept their polymeric structures, not only arylcoumaran or stilbene but also quinoid type structures acted as good photo absorbers. Based on these results, HCLC-HM-P-TiO 2 electrodes polymerized directly demonstrated V oc = 0.48 V, I sc = 4.00 mAcm -2 , FF = 0.61 and  = 1.06 % under 100.0 mWcm -2 of visible light irradiation. Especially I sc was drastically improved. Moreover hardwood lignophenol showed same tendency.
INTRODUCTION
Recently both global environmental crisis and exhaustion of fossil carbon resources have been attracted. For example, global warming phenomena by green-house effect gases such as CO 2 , methane and chrolofluorocarbons are paid a lot of attentions in the world. In order to overcome these problems, supply of both sustainable energy and carbon resources have to replaces from fossil carbons to natural resources such as solar energy and biomass. Making a lot of efforts, wide variety of solar cell technology has been developed. Recently dye-sensitized solar cells (DSSCs) have been attracted after Gratzel developed with nano-crystalline TiO 2 electrodes [1] . Up to 11 % of efficiencies with Ruthenium sensitizers have been reported [2] . Moreover natural pigments such as anthocyanin, anthocyanidin, porphyline, tannin and polyphenols [3] [4] [5] [6] [7] [8] have also been paid a lot of attentions. It is good combination between natural dyes and DSSCs, however natural dyes extracted easily but only small amounts. For example, anthocyanine was extracted only 75 mg / 100 g materials [9] [10] [11] [12] [13] . In order to solve this problem, lignophenol (LP) and its derivatives have been applied for DSSCs [14] [15] [16] [17] [18] , because LP was derived directly from lignocellulosices quantitatively through the phase-separation system [19] [20] . For example, 220 g of LP was obtained from 1000 g of Hinoki Cypress (Chamaecyparis obtusa) [21] . The best photo-electricity conversion performance of LP-cell with second derivative-II of HCLC showed V oc = 0.51 V, I sc = 10.23 mAcm -2 , FF = 0.59 and  = 3.61 % under 85.0 mWcm -2 of visible light irradiation [16] . Recently, hydroxymethylated LP showed good results due to rich hydroxyl groups and quinoid groups [18] . In this study, investigations of both relationships between structural features of LP derivatives and of performances on photo-electricity conversion of the solar cells were carried out. Moreover, new-type electrodes with direct polymerization on TiO 2 films were tried for the cells.
EXPERIMENTAL 2.1 Synthesis of Lignophenols
Both Hinoki cypress (HC, Chamaecyparis obtusa) and Birch (BI, Betula platyphylla) were used as softwood and hardwood materials for the phase-separation system, respectively. The woody materials were milled for 80 mesh passed. Extractives in the materials were removed by benzene/ethanol (2/1, v./v.) in a Soxleh reflux system for 96 hrs. LPs have been synthesized following the phase-separation system [19] [20] . Two-step method (process II) of the phase-separation system was also carried out for HC as follows. The material (500 g) was mixed with p-cresol in acetone. Amounts of p-cresol were 3 mol / phenylpropane units (C 9 units), which were subunits of 
Preparation of Derivatives
Hydroxymethylated HCLC (HCLC-HM) was synthesized from 15 g of LP in 0.5 M NaOH solution by mixing 20 mol of formaldehyde for an amount of aromatic rings in LP at 60 o C under N 2 atomosphere with a stirring system and a reflux condenser. After 3 hrs, 1.0 M HCl was dropped into the reaction mixture at 5 o C to pH = 2.0. The resulting precipitation was washed to pH = 5.0. The solid was dried on P 2 O 5 vacuum drying. Polymerization of HM-LP (HCLC-HM-P) by heat-set was carried out at 150 o C for 7 hrs under an aerobic condition.
Functionality Controls
Both second derivatives I of HCLC (HCLC140), HCLC-HM (HCLC-HM140) and HCLC-HM-P (HCLC-HM-P140) were derived under alkaline condition at 140 o C in SUS autoclaves. Second derivative-II of HCLC (HCLC170), HCLC-HM (HCLC-HM170) and HCLC-HM-P (HCLC-HM-P170) were synthesized in the same ways under 170 o C. HCLC samples were dissolved in 0.5 M NaOH. The solutions were heated to 140 o C or 170 o C. After 60 min, the reaction mixtures were neutralized by 1.0 M HCl to pH = 2.0. The resulting precipitation was washed by chilled de-ionized water. The insoluble residue was dried over P 2 O 5 .
Characterization of LPs
The structure of LP was characterized by Gel Permiation Chromatography (GPC), 1 H-NMR, FT-IR and Ionization Different Spectra (UV-Vis). GPC was carried out by LC-10 with four columns (KF801, KF802, KF803 and KF804, Shodex Co.), using rectified tetrahydrofran (THF) as an effluent. Both M w and M n were determined based on standard polystylene. 1 H-NMR spectrum was measured by NMR500 (JASCO Co.) in CDCl 3 or CDCl 3 / C 5 D 5 N = 3 / 1 (v / v). FT-IR spectroscopy was also carried out on a Spectrum GX (Perkin Elmer Co.), using the KBr pellet technique for sample preparation. Ionization Difference Spectrum was obtained on UV-560 (JASCO Co.) by differential spectrum between 2-methoxyethanol solution and 2-methoxyethanol / 2 N NaOH = 13 / 12 (v/v) solution.
Preparation of LP Solar Cells
Photochemical cells with TiO 2 thin film on FTO glasses employing LPs were prepared. TiO 2 pastes were obtained by well mixing of HPA-15-R TiO 2 dispersion (Shokubai Kasei Co.), P25 (Nippon Aerogel Co.) and polyethylene glycol (Fw = 20 000, Wako Co.) at a ratio of 100 : 10 : 4 (w/w/w). Well-ground pastes were coated on FTO-glasses (30 Ohmcm -2 ) using bar-coating technique with 63 m spacers. The dried films on FTO-glasses were sintered at 450 o C for 60 min under an aerobic condition. After cooling to 80 o C, the film on FTO was immersed into 5.0 gL -1 of LP solution. The Almost all these derivatives were dissolved into acetone or THF except HCLC-HM-P.
Characteristics of LP Derivatives
The resulted HCLC derivatives showed dark beige or brown appearances due to generated conjugated structure, although HCLC showed light beige. Ionization difference spectra, which demonstrated differences in structural features from neutral and alkaline conditions, nm to 470 nm (Fig.3 ). There were no data of HCLC-HM-P and its derivatives because of little solubility for 2-methoxyethanol. As both HCLC and HCLC-HM showed only peaks at 320 nm, there generated only phenoxide ions. On the other hand, second derivatives had broad peaks around 370 nm to visible region. The absorbance depended on arylcoumaran, stilbene and quinoid type structures [18] . FT-IR spectra supported these results. As shown in Fig.4 , there were new shoulder peaks around 1740 cm -1 , quinoid carbonyls, in only HCLC-HM-P. In addition, decrease of 815 cm -1 , which showed vibrations of neighbouring aromatic H out of plain of p-cresol, were observed in both HCLC-HM and HCLC-HM-P due to generations of HM bridges. Moreover differences in hydroxyl groups peaks around 3400 cm -1 , but other characteristic peaks were almost the same.
Base on 1 H-NMR spectra, both structures of p-cresol grafted on native lignin and phenolic -OH were stored through the various chemical treatments as confirmed in FT-IR (Table I) . Decrease on amounts of HM-OH indicated that detachments of H 2 O under high temperatures. But other -OH were existed after such severe conditions. There data of HCLC-HM derivatives implied that resistances for NGP or AM reactions. Interestingly, second derivatives of HCLC-HM-P showed relatively large amounts of hydoxyl -OH groups. In other words, phenolic resin based on HCLC was liberated its strong structures through simple alkaline treatments [22] . Although both arylcoumaran and stilbene type structures of the derivatives showed peaks around 4.5 and 6.4 ppm, respectively, but amounts of these structures could not be calculated because these peaks were overwrapped on aromatic-H or methoxyl groups. As shown in previous reports [18] , hydroxyl groups probably acted as good linkers onto surfaces of TiO 2 electrodes. Both FT-IR and 1 H-NMR data supported these results more strongly. [18] showed both high molecular weights and low ones with broad type distributions. Though there remained larger fractions of HCLC-HM170 than HCLC-HM-P170, both polymerizations and de-polymerizations of HM -hydroxyl groups of the former occurred with generating quinoid type structures under such severe conditions. As 1 H-NMR data implied that polymeric structures of derivatives of HCLC-HM, these profiles supported such results.
Photo-Voltaic Performance
As shown in Table II , HCLC derivatives were used as photo-sensitizers for nano-TiO 2 electrodes under visible and infrared light with intensity of 100 mWcm -2 . HCLC140 demonstrated relatively better results than HCLC or HCLC170 as we reported [16] . On the other hands, second derivative-II of both HCLC-HM and HCLC-HM-P showed better performances. As shown in various spectra and GPC profiles, these samples involved large molecules with rich hydroxyl groups and conjugations. Moreover both HCLC-HM170 and HCLC-HM-P170 showed high photo current densities about 3 mAcm -2 . These currents meant two important facts: first, simply large amounts of electrons jumped over energy barriers of TiO 2 through excited states of these structures such as quinoid type structures which generated easily from HM-groups. Second, there were advantages on efficiencies of electron transfers between HCLC derivatives and TiO 2 surfaces. Therefore polymerization of HCLC-HM-P directly on TiO 2 surfaces was carried out because of utilization of these two important factors. In addition to these, in order to observe influences of structural features of native lignin, HM-P derivatives of Birch-lignophenol (p-cresol type) were tried at the same time. As demonstrated in Fig.6 and bottom of Table II , direct polymerization largely improved photo current densities due to both increase excited electrons from conjugated structures and to decline of energy barrier by approaching. Especially a result of birch was drastically improved because electron transfers increased close to energy band of TiO 2 charge band. These results implied that relative low photo-electricity conversion partly depended on difficulty for electron orbital of hardwood LP derivatives to approach onto the surface of TiO 2 due to rich 3,5-dimethoxyl structures (syringyl structures), (Fig.7) . Also based on these structures, there are less reactive sites for HM reactions than HCLC. Moreover there were more rich natural conjugated system such as C 5 -C 5 diaryl structures for 10 % of all linkages in native lignin, but hardwood has only 5 %. In conclusion, effective conjugated structures for LP cells were quite different. For example, the characteristic conjugation of lignophenol such as arylcoumaran was good just for HCLC. On the other hand, it is effective to be prepared quinoid type structures for LP-HM. Moreover, shortening distance for electron transfer was effective to improve efficiencies.
CONCLUSIONS
LP derivatives through the NGP or AM reactions based on HCLC, HCLC-HM and HCLC-HM-P were used as photo-sensitizers for TiO 2 electrodes. Arylcoumaran and stilbene type structures for HCLC derivatives contributed to high photo-electricity conversions. But for LP-HM, contribution of quinoid seemed to be more than HCLC because polymeric structures remained after both NGP and AM reactions. Direct polymerization of LP-HM on TiO 2 electrodes demonstrated large improvements photo electron transfers. Based on these fundamental results, both optimization and improvement are expected for LP cells. 
